We present a new method for modeling the development of settled specimens with filamentous growth patterns, such as fungi and oomycetes. In phytopathology, the growth parameters of such microorganisms are frequently examined. Their development is documented repeatedly, in a defined time sequence, leaving the growth pattern incomplete. This restriction can be overcome by reconstructing the missing images from the images acquired at consecutive observation sessions. Image warping is a convenient tool for such purposes. In the proposed method, the parameters of the geometric transformation are estimated by means of the growth tracking based on the morphological skeleton. The result is a sequence of photorealistic artificial images that show the development of the specimen within the interval between observations.
INTRODUCTION
In various fields of biology and medicine, the growth parameters of microorganisms are frequently examined. However, the equipment allowing continuous monitoring of specimens over long periods of time is expensive, and sometimes even inconvenient for the purpose of the study. In phytopathology, for example, special conditions for cultivation are often required. Although life-imaging systems equipped with controlled environment parameters have been introduced, such microscopes are adapted for human and animal cells research, that is, with temperature range inappropriate for phytopathogenic fungi. Such specimens have to be cultivated separately, in optimal conditions, and observed repeatedly, in a defined time sequence. In contrast to the monitoring systems, this approach allows examination of multiple samples during each observation session. However, as the acquisition and documentation process is elaborate, the intervals between observations are usually quite long, that is, of several hours in the case of fungal specimens. Sometimes the intervals are so long that the series of acquired images lacks information important for the purpose of the study, as significant changes in the shape of the specimen were not documented. In order to examine the missing stages of growth and complete the development pattern, a series of images acquired at appropriately short intervals would be necessary. In the case of biomedical samples, however, the experiments cannot be repeated with the same results because every specimen develops in a unique way, and thus additional observations are not feasible. This restriction can be overcome by reconstructing the missing images, representing the specimen in the intervals between acquisitions, from the available ones. We aim to propose such a method in this paper.
Realistic modeling of specimen development over undocumented intervals is quite complex. Although the problem can be described as interpolation over time, the spatial deformations cannot be simulated just by a pixel-wise interpolation of pixel values. In order to generate realistic images, understanding of the growth mechanism is necessary. The model is required to preserve the characteristics of the specimen and to avoid an introduction of significant artificial deformations so that it could be utilized to process biomedical data.
The problem of photorealistic modeling of the growth of biological specimens has not been satisfactorily solved yet. As a general method for arbitrary types of specimens would pisi. An early (a) and a later (b) image of one specimen from consecutive observation sessions. The development of two hyphae from a macroconidium and their growth in length. Light microscopy images after preprocessing, namely flatfield correction, displacement rectification, multifocal fusion, and debris suppression.
be too complex, we will restrict ourselves to time studies of settled specimens with filamentous growth patterns, such as fungi and oomycetes. Whereas their filaments elongate over time, their growth in width is negligible, and the shape of the already developed parts does not change significantly. Also, each filament develops in its own speed. All these properties will be utilized in the proposed method. In general, two different approaches to the problem of modeling object development over time exist. One approach is based on mathematical modeling and computer graphics. It constructs a mathematical model of the object according to the acquired images. The changes in geometry are simulated by adjusting the parameters of the model. For the purpose of visualization, standard rendering techniques are employed. L-system grammars [1] have been successfully used for modeling the growth of settled biological specimens such as plants [2] and fungal pathogens [3] . The main drawback of these methods is the artificial appearance of the generated images.
The alternative approach is based on image morphing [4] . It utilizes image warping to geometrically transform the images acquired at the beginning and at the end of the missing interval to represent a particular instance within the interval. These warped images are composed into a single image, in ratio corresponding to the position of the instance within the interval. To visualize the development, a series of such blended images representing instances within the interval is generated. This approach preserves the natural appearance of the original images. Image morphing has been widely used in computer graphics to generate artificial motion sequences [5] or smooth transitions between objects [6] , as well as to map image textures onto 3D objects. Image warping is also commonly utilized in image processing to rectify geometric distortions [7] .
We introduce a new method for photorealistic modeling of the growth of settled specimens with filamentous growth patterns over intervals between acquisitions. The method is based on growth tracking by means of the morphological skeleton and image warping by means of the radial basis functions. Its performance is demonstrated on real data.
METHODS
Our task is to generate photorealistic images representing the growth of a specimen within an interval between observations. We propose to reconstruct them from the available images by means of an appropriate geometric transformation. In order to establish its parameters, we select a sufficient number of control points (CPs) in the images acquired at the beginning and at the end of the examined interval. The CPs should correspond to salient features of the specimen, such as points on its boundary. Then we estimate how their positions were changing over the interval. Finally, we geometrically transform the input images so that the selected CPs are mapped to their estimated positions. As a result, we obtain a sequence of artificial yet photorealistic images showing the specimen development over the undocumented interval.
The trajectory of the CPs cannot be estimated simply by means of a linear interpolation of their positions at the beginning and at the end of the interval. For this purpose, an appropriate growth tracking method must be used. Most object tracking methods, including the commonly used active contours ("snakes") [8] , are based on object boundaries. These techniques, however, do not respect the unisotropic growth pattern of biological specimens. Consequently, they tend to significantly distort the shape of curved boundaries during the interpolation process and the estimated trajectory of the CPs on the boundary is thus inaccurate. The warped images generated using such methods would suffer from unnatural artificial deformations, especially in the case of curved filamentous objects. Such a drawback could lead to false conclusions regarding the biology of the species.
In order to avoid this problem, we propose to utilize the properties of the morphological skeleton (MS), a thin-line representation of an object. In this case, the branches of the MS correspond to the filaments of the specimen. The skeleton is computed from a segmented image by means of appropriate morphological operations. There are many skeletonization algorithms with different results. Most of them are based on thinning [9] , a morphological operation that repeatedly erodes object boundary while preserving pixel-wide Jiří Sedlář et al. structures. For the purposes of growth tracking, we propose to compute the MS by an algorithm insensitive to contour noise so that the MS does not contain spurs and distorted line endings. The MS is less sensitive to curving deformations than the boundary, as the length of the branches is preserved. Hence, we propose to select the CPs equidistantly along the MS of the specimen in the image acquired at the beginning of the missing interval. The changes in their positions are estimated by elongating the branches of this MS along the corresponding branches of the MS in the image acquired at the end of the interval so that the distance between the CPs on each branch remains uniform. This simulates the growth of the specimen in length over the undocumented interval without unnatural deformations of curved filaments.
We make a few assumptions about the pair of MSs from consecutive observation sessions. First, we suppose that the number of segments in both MSs is the same, that is, no new filaments evolve in the interval between acquisitions. We neglect possible short spurs in the second, latter MS that have no counterpart in the first, earlier MS, as they are insignificant in this stage of growth. Then, as we suppose that the already grown parts do not move or develop new bends, the second MS should roughly overlap the whole first MS. Finally, we assume that each branch elongates uniformly over time. In the case of settled specimens with filamentous growth patterns, these assumptions are usually satisfied.
The parameters of the geometric transformation, however, cannot be estimated just by means of the CPs on the MS. The boundary of the specimen is not well defined by such CPs and curved filaments would consequently appear unnaturally deformed in the warped image. Hence, we propose to spread the CPs from the MS to the boundary of the specimen. We replace each CP on the MS (skeleton-CP) by a pair of points on the boundary of the object (boundary-CPs) in the direction perpendicular to the MS. These boundaryCPs are used as control points in image warping. As a result, the appearance of the warped images is very realistic, without significant artificial deformations.
The aim of the geometric transformation is to map the control points from one of the available images to the positions estimated in the process described above. Due to the spatially local character of the growth process, the transformation should be sensitive to such local changes. Elastic types of geometric transformations, such as radial basis functions (RBF) [10] , have been used for such purposes with satisfactory results. The RBFs define a coordinate transformation:
which consists of a linear combination of basis functions φ i centered in control points x i . The functions are called radial as the value of each basis function φ i depends only on the distance from its center x i . The properties of the transformation f depend on the type of the basis functions φ i used. For our purposes, we propose to use thin-plate splines (TPS):
because of their smooth character. The weights α i are computed by placing the centers x i into (1) and solving the resulting set of linear equations. The polynomial term p m allows a certain degree of polynomial precision so that where the influence of the basis functions φ i tends to zero, the result of the transformation will be dominated by this term. When the images do not exhibit global deformations, it is defined simply as p m (x) = x.
RESULTS
The performance of the proposed method was tested on a set of light microscopy images of the early development of Fusarium oxysporum f.sp. pisi and Alternaria sp. Figure 2 . The separated branches represent the hyphae and the macroconidium.
[11] and Alternaria [12] spp. (Hyphomycetes, Deuteromycotina) are phytopathogenic fungi with a worldwide distribution able to cause severe diseases in a wide range of economically important crop plants. Both Fusarium oxysporum and Alternaria sp. spread by asexual spores, conidia.
In proper environmental conditions, particularly temperature and humidity, the conidium germinates by hyphae to form a mycelium. The growth rate of the mycelial colony in optimal conditions is approximately 5-10 mm per day. Detailed understanding of the pathogen development principles could contribute to the increasing efficiency of the disease control.
In the case of processing light microscopy images, several preprocessing steps are necessary to eliminate the degradations introduced during the acquisition process. Light microscopy images often suffer from flat-field, that is, a gradual decrease in brightness from image center to image borders caused by the nonuniformity in illumination of microscopy samples. Flat-field correction consists of estimating the shape of the illumination intensity from a microscopy image acquired without a sample, for example, and adding the deficiency in brightness to the degraded image. As biological specimens are usually thicker than the attainable depth of field, parts of the specimen appear out of focus. In such a case, several images at different focal planes are taken and composed by means of digital multifocal fusion [13] into one image with the whole specimen in focus. Since the microscopic slides with specimens are often replaced manually, rough temporal image registration [7] is necessary to compensate for the resulting shift and rotation between images from different observation sessions. Such displacements can be easily removed by means of a rigid-body transformation. As a result, we obtain roughly aligned, uniformly illuminated microscopy images with the whole specimen in focus (see Figures 1 and 8) . Now we will consider two preprocessed images of one specimen from consecutive observation sessions and describe how they can be utilized to generate images simulating its development over the interval between their acquisitions. First, the specimen is segmented from debris and image background by means of a convenient segmentation method, such as adaptive thresholding. The result is a binary image of the shape of the specimen (see Figure 2) . Small irregularities in the shape can be rectified by simple morphological operations, if necessary.
The MS of the specimen is acquired from the segmented image by means of a parallel thinning algorithm described in [14] , Section 3. The MS is then divided into branches, that is, linear segments corresponding to nonbranching parts of the filaments (see Figure 3) . The positions of the division points are usually selected manually, in the locations of hypha branching or between a conidium and a hypha. The points of branching of the MS can also be computed by means of appropriate morphological operations. We denote the tip of a branch that is connected to other branches as the "fixed end" and the tip from which the growth may continue as the "free end." As the filaments grow independently, the pairs of corresponding branches are processed separately.
In practice, the second MS does not precisely overlap the whole first MS and the elongation process thus has to be adjusted. A sufficient number of CPs are selected equidistantly along the branch in the second, longer MS from the fixed end towards the free end in the length of the corresponding branch in the first, shorter MS (see Figure 4(a) ). The distance between the CPs is, for example, half the average width of the filament. The segment with the CPs is then gradually elongated along the whole branch in the second MS, so that the Euclidean distance between the CPs remains uniform, until it reaches the free end. In this way, we estimate how the CPs were shifting during the missing interval (see Figure 4) .
The CPs on the MS computed during the elongation process are replaced for the purpose of image warping by pairs of corresponding CPs on the boundary of the specimen (see Figure 5 ). These boundary-CPs are situated in the direction perpendicular to the branch in the neighborhood of the corresponding skeleton-CPs so that each skeleton-CP bisects the line segment between the corresponding pair of boundaryCPs. The length of the line segment corresponds to the local thickness of the filament and can be computed as a weighted average of the local thickness in the first and in the second segmented image. In order to preserve the shape of nongrowing round objects, such as conidia, we select a sufficient number of points on their boundary and add them to the set of boundary-CPs (see Figure 9 ). Jiří Sedlář et al. Finally, the preprocessed images from the beginning and the end of the missing interval are geometrically transformed by means of thin-plate splines (2) . The parameters are defined by the computed boundary-CPs. The transformation maps the boundary-CPs in the input image (see Figure 9(a) ) to the corresponding boundary-CPs at an arbitrary instance within the interval (see Figure 9(b) ). As the input images are often taken under different conditions, for example, at different focal planes, just the temporally closer image is usually transformed. The warped images, or their weighted combination, represent the specimen at the requested moment between acquisitions. In this way, we can generate a sequence of photorealistic images that show the gradual growth of the specimen over the undocumented interval.
In order to test the performance of the proposed method, we compare an image generated by the process described above with an authentic image acquired for these purposes at the corresponding stage of growth (see Figures 6 and  10) . The synthetic image matches the reference image almost perfectly, without significant unnatural deformations (see Figure 7) . Such results prove the efficacy of our method.
DISCUSSION
The method was designed for images of settled filamentous specimens gradually elongating over time. In the case of nonuniform speed of growth, additional information, for example, images from previous and subsequent observation Figure 5 : Control points on the boundary of the specimen computed from the control points on the morphological skeleton in Figure 4 according to the segmented images in Figure 2 . These points on boundary are used as control points in image warping.
sessions, would be necessary to estimate the changes in the speed of elongation of each filament during the examined interval. As only the length of branches is used from the first, earlier MS, the method could be used, to some extent, to generate images of the specimen representing even instances before the acquisition of the first image. This would be limited by the error in estimation of the speed of growth and by the distortion of highly warped images. Small growth in width can be simulated by interpolating the local width of filaments. The apparition of new branches could be partly modeled as well. If the new branch is short enough in one of the acquired images, it is neglected for the purposes of reconstructing the interval before the acquisition whereas in the interval after the acquisition, the branch is processed. Otherwise, we must estimate when the new branch started to develop. Its growth in the interval before its apparition is then reconstructed by warping just the latter image so that from the beginning of the interval until the estimated moment, the new branch remains as long as the width of the filament. Most of the results, however, suffer from significant deformations. The method can be used for realistic modeling only if the growth consists of stretching and curving of filaments and the already developed parts do not change in shape. If not only elongation but also significant movement is a part of the growth process, a more complex method should be applied. The problem of occlusion, such as overlapping of filaments, has not been satisfactorily solved either. The ability of the proposed method to preserve textures is also limited. If a significant fine texture is present, it may appear deformed in the warped image. The method allows to generate a series of an arbitrary number of images representing the development of the specimen uniformly over the whole interval. As the interpolation step can be set as small as necessary, the growth can be smoothly visualized as a video sequence. The artificial image should be composed from both warped images only if the geometric transformation is estimated with high accuracy. If the features are not aligned precisely, the combination of two images might produce disturbing double-exposure effects. In such a case, just the temporally closer warped image is taken as the result. The precision can be assured by selecting a sufficient number of CPs. The more CPs are used, the more accurate the mapping function is but the longer the computation of image warping takes. Too short spaces between the CPs could also result in undesired local distortions. The type of the geometric transformation affects the final result as well. Although radial basis functions (1) are formally of a global nature, that is, for every pixel in the image all basis functions φ i (i = 1, . . . , n) must be taken into account, they can model local deformations quite well. This depends also on the type of the basis functions φ i used. The thin-plate splines (2) proved efficient for our purposes.
CONCLUSIONS
We have introduced a new method for photorealistic modeling of the growth of filamentous specimens in intervals between observations. It was developed for the purpose of completing time studies of settled and relatively slow-growing specimens with filamentous growth patterns, such as fungi and oomycetes. In principle, it can be used to process any objects with such characteristics. The method is based on image warping in combination with growth tracking by means of the morphological skeleton. It can generate realistic images just from the images acquired at the beginning and at the end of the undocumented interval. Furthermore, as the method does not introduce unnatural deformations, it is suitable for biomedical data. Its performance was successfully tested on light microscopy images of Fusarium oxysporum and Alternaria sp. germination and mycelium growth. The photorealistic appearance of the artificially generated images and high correlation with ground truth proved satisfactory for the purpose of the study. Figure 9 : Control points on the boundary of the hypha computed during the elongation process plus control points selected on the boundary of the conidium. These points allow us to reconstruct the image of the specimen at 2/3 of the interval between acquisitions of the images in Figure 8 . The image in Figure 8 (b) is warped by radial basis functions so that the control points representing the end of the interval (a) are mapped to the corresponding control points at 2/3 of the interval (b).
(a) Reconstructed image (b) Reference image Figure 10 : The specimen at 2/3 of the interval between observations. The reconstructed image (a) was computed from the image in Figure 8 (b) by means of a geometric transformation by thin-plate splines, mapping the control points in Figure 9 (a) to their counterparts in Figure 9 (b). The reference image (b) was acquired for the purpose of comparison at the corresponding stage of growth but at a different focal plane, hence the darker texture. Despite this fact, the artificially generated image matches the authentic image very well.
